Abstract Since the hallmark dermatologic features of Birt-Hogg-Dubé (BHD) syndrome were first described by three Canadian physicians in 1977, the clinical manifestations of BHD have been expanded to include hamartomas of the hair follicle, lung cysts, increased risk for spontaneous pneumothorax and kidney neoplasia. Twenty-five years later the causative gene FLCN was identified, and the mutation spectrum has now been defined to include mainly protein truncating mutations, but also rare missense mutations and large gene deletions/duplication. Second ''hit'' FLCN mutations in BHD kidney tumors and loss of tumorigenic potential of the FLCN-null UOK257 tumor cell line when FLCN is re-expressed underscore a tumor suppressor role for FLCN. The identification of novel FLCN interacting proteins FNIP1 and FNIP2/L and their interaction with 5 0 -AMP activated protein kinase (AMPK) has provided a link between FLCN and the AMPK-mTOR axis and suggested molecular targets for therapeutic intervention to treat BHD kidney cancer and fibrofolliculomas. The generation of FLCN-null cell lines and in vivo animal models in which FLCN (or FNIP1) has been inactivated have provided critical reagents to facilitate mechanistic studies of FLCN function. Research efforts utilizing these critical FLCN-deficient cell lines and mice have begun to uncover important signaling pathways in which FLCN and its protein partners may play a role, including TGF-b signaling, TFE3 transcriptional regulation, PGC1-a driven mitochondrial biogenesis, apoptotic response to cell stress, and vesicular transport. As the mechanisms by which FLCN inactivation leads to BHD manifestations are clarified, we can begin to develop therapeutic agents that target the pathways dysregulated in FLCN-deficient fibrofolliculomas and kidney tumors, providing improved prognosis and quality of life for BHD patients.
Introduction
Thirty-five years ago three Canadian physicians Arthur Birt, Georgina Hogg and James Dube 0 described the presence of ''hereditary pilar hamartomas'' that were inherited as an autosomal dominant trait in 15 of 37 individuals over 25 years of age in a 70-member kindred [1] . These benign skin tumors were named fibrofolliculomas and were found in association with trichodiscomas and common achrocordons in these individuals (Fig. 1 ). This triad of dermatologic lesions became the classic hallmark feature of BirtHogg-Dubé (BHD) syndrome. A report in 1996 [2] by Chung and coworkers followed by further documentation of cases by Toro and colleagues several years later [3] expanded the BHD phenotype to include the presence of multiple lung cysts and a predisposition to develop spontaneous pneumothorax (Fig. 1) . In a study of 33 BHD families, Zbar and coworkers estimated that the odds for developing pneumothorax after adjusting for age were 50.3 times greater in a person with BHD than in his unaffected siblings [4] .
Kidney neoplasia is confirmed as part of the BHD phenotype but association with colon neoplasia remains controversial
Although a case of bilateral multifocal chromophobe renal carcinoma in a BHD patient was presented by Roth and coworkers in 1993, it was not known whether this was a feature of the disease or an incidental finding [5] . A clear association of renal neoplasia with BHD skin lesions was confirmed, however, when 7 individuals in 3 familial kidney cancer families at the National Institutes of Health (NIH), USA, were identified in which fibrofolliculomas cosegregated with renal oncocytomas or papillary renal tumors [3] . In an expanded study of BHD families from the NIH, Zbar and colleagues estimated that the odds of a person affected with BHD developing renal neoplasia were 6.9 times greater than a person not affected with BHD [4] , thereby underscoring the importance of life long screening of BHD patients and at-risk family members for early detection and treatment of asymptomatic renal tumors. A detailed analysis of the pathology of BHD renal tumors by Pavlovich et al. [6] revealed that, unlike other inherited renal cancer syndromes that present with a single histologic subtype of renal tumor (i.e., von Hippel-Lindau disease, hereditary papillary renal carcinoma, hereditary leiomyoma renal cell carcinoma), BHD is associated with a variety of renal tumor histologies (clear cell, papillary, chromophobe, oncocytoma), most frequently hybrid oncocytic tumors comprised of features of both chromophobe renal carcinoma and renal oncocytoma (Fig. 1) .
The association of colon polyps and colon carcinoma with BHD has been controversial. Early reports suggested a possible link between intestinal or colonic polyposis and BHD skin lesions [7] [8] [9] but a more comprehensive risk assessment in a larger cohort reviewed at the NIH [4] did not find an increased risk for colonic polyps or colon cancer in individuals with BHD over that of the general population. The question of whether colon neoplasia is part of the BHD phenotype remains open since cases of colon polyps and/or colon cancer in BHD patients continue to be reported [10, 11] .
Germline mutations in FLCN on chromosome 17p11.2 predispose to BHD syndrome Using genetic linkage analysis in the family described by Birt, Hogg and Dubé, Schmidt and coworkers were able to localize the disease locus for BHD to chromosome 17p11.2 [12] and in 2002 Nickerson et al. [13] identified germline mutations in a novel gene, FLCN, in a panel of BHD family probands. To date over 100 unique FLCN mutations in the coding region of the gene have been catalogued [14] . The majority of these mutations are protein truncating (frameshift, nonsense, insertion/deletion, splice site) predicted to inactivate the encoded protein folliculin with an insertion/ deletion mutational ''hot spot'' identified in a tract of cytosines in exon 11 [13] [14] [15] [16] [17] [18] [19] . However, several missense mutations have been reported that may compromise protein stability [20] . The recent discovery of large gene deletions, some of which encompass the putative FLCN promoter [21, 22] , and a large FLCN gene duplication [22] suggests that folliculin function may be compromised by complete loss of or partial reduction in activity or by abrogating promoter-driven expression of FLCN. No clear genotypephenotype associations between FLCN mutation type or location and skin, lung or kidney manifestations have been identified, but a significantly lower frequency of kidney neoplasia was seen in patients with a deleted cytosine in the exon 11 mutational ''hot spot'' compared with an inserted cytosine at that location [15] . Interestingly a significantly higher risk of colon neoplasia was observed in patients with the ''hot spot'' mutation in exon 11 compared to those with a substitution mutation in the FLCN gene [11] .
FLCN is a tumor suppressor gene
Ten years after the FLCN gene discovery was published, the function of folliculin remains elusive despite intense efforts of many research groups to characterize this novel protein. Seminal work by Vocke and coworkers, in which a somatic ''second hit'' FLCN mutation or loss of heterozygosity on chromosome 17p was identified in the majority of BHD-associated renal tumors, has confirmed a tumor suppressor role for folliculin [23] . (Interestingly FLCN haploinsufficiency appears to be sufficient for the development of fibrofolliculomas in BHD patients [24] .) Re-expression of FLCN in a FLCN-null kidney cancer cell line established from a BHD patient renal tumor abrogated the tumor-promoting potential of these cells in nude mice [25, 26] , further supporting folliculin as a tumor suppressor. Knockdown of FLCN in the ACHN renal tumor cell line led to formation of significantly larger tumors when injected into athymic nude mice, and re-expression of FLCN in VHL-deficient 786-O cells decreased tumor growth in mice, further underscoring the tumor suppressor properties of FLCN [27] .
Folliculin functional studies identify interacting protein partners FNIP1 and FNIP2
Since protein-protein interactions often provide clues to the function of those proteins, Baba et al. [28] used folliculin coimmunoprecipitation experiments to identify the first folliculin-interacting protein, FNIP1, a highly conserved novel protein that interacts with the carboxy-terminus of folliculin but whose function is as yet unknown. Subsequent FNIP1 coimmunoprecipitation experiments demonstrated that FNIP1 interacts with 5 0 -AMP activated protein kinase (AMPK) in a FLCN-independent manner. AMPK is a well-known sensor of energy and nutrient levels in cells and responds to these stresses by negatively regulating mammalian target of rapamycin (mTOR), the master controller of protein synthesis and cell growth [29] . Baba and coworkers [30] showed that FNIP1 could be phosphorylated by AMPK, which may be important for its protein expression or stability. FLCN was also phosphorylated directly or indirectly by AMPK and by mTOR since inhibitors of these kinases reduced levels of phosphorylated FLCN, and FLCN phosphorylation was enhanced when in complex with FNIP1. Wang and colleagues identified Serine 62 as a FLCN residue indirectly phosphorylated by AMPK (but not mTOR) and also showed that FLCN phosphorylation was enhanced by binding with FNIP1 and FNIP2 (see below) suggesting that Serine 62 phosphorylation may serve to regulate FLCN/FNIP1/FNIP2/AMPK complex formation (Fig. 2) .
Recently in an effort to understand the functional significance of the FLCN/FNIP1 interaction, two groups independently generated Fnip1 knockout mice that developed striking defects in B cell development. Baba et al. [31] demonstrated developmental arrest at the pro-B stage in Fnip1-/-and tamoxifen-inducible Fnip1 conditional knockout mice that was a consequence of mTOR-independent caspase-induced pre-B cell apoptotic death. Fnip1-/-mice developed by Park et al. [32] displayed normal pre-B cell signaling but dysregulated AMPK-mTOR signaling, leading to enhanced apoptosis in response to metabolic stress and complete block in B cell development. Both in vivo models support an essential role for FNIP1 in B cell differentiation.
A second FLCN interactor discovered by Hasumi and coworkers using bioinformatics searches displayed 49 % identity to FNIP1 and was named FNIP2 [33] (also reported as FNIPL [34] and MAPO1 [35] ). FNIP2 along with FNIP1 forms complexes with FLCN, AMPK and both FNIPs. Tissue expression patterns of FNIP1 and FNIP2 suggest that they may be tissue-specific for certain tissues and redundant in other tissues, and interestingly, their expression in sporadic tumors found most often in BHD patients (oncocytoma and chromophobe renal tumors) was elevated relative to normal kidney [33] . Recent work from Lim and colleagues supports a role for MAPO1 (FNIP2) in association with FLCN to activate AMPK and control the induction of apoptosis in response to O 6 -methylguanine, which is produced in cells as a consequence of exposure to alkylating agents and can contribute to mutation and cancer [35] .
FLCN modulates mTOR in a context dependent manner in FLCN deficient mice
Animal models of human disease provide important research tools for elucidating the details of dysregulated biochemical pathways and can serve as prototypes for testing potential therapeutic agents. A number of genetically engineered animal models in which the FLCN gene is inactivated have been generated to date. Baba and coworkers achieved kidney-specific inactivation of Flcn in the mouse by crossing Flcn floxed mice with KSP(cadherin 16) Cre transgenic mice [36] producing a highly cystic kidney phenotype that resulted in renal failure and death in the first month of life. A second kidney-targeted Flcnknockout mouse model generated by Chen et al. [37] developed polycystic kidneys and cystic renal carcinoma with a similar shortened lifespan. Both animal models displayed activated mTOR and its downstream pathway effectors in the Flcn-deficient kidneys. Encouragingly, they f Numerous purple blebs on pleural surface of lower left lung lobe from a BHD patient seen by video-assisted thoracoscopy. Used with permission from Ref. [4] partially responded to rapamycin therapy, which inhibits mTOR, with an extended life span and reduction in size and cyst development in the Flcn-deficient kidneys suggesting that rapamycin may provide a potential therapeutic intervention for BHD patients. In another heterozygous Flcn knockout mouse model developed by Hasumi et al. [38] spontaneous solid renal tumors developed after the age of 10 months arising from kidney cells that had lost the wild type copy of Flcn, thus supporting FLCN inactivation as the initiating step for kidney tumorigenesis in BHD. These mouse tumors histologically resembled the human BHD-associated renal tumors and developed in association with hyperplastic and complex renal cysts that exhibited different latency periods, thereby more closely mimicking the human BHD syndrome than the kidney-directed Flcnknockout mouse models. Importantly, these Flcn?/-kidney tumors displayed activation of mTOR, increased levels of proteins involved in both complex 1 (mTORC1) and complex 2 (mTORC2), and activation and elevated levels of AKT. These findings were confirmed in human BHDassociated renal tumors and suggest that a dual kinase mTOR inhibitor may be more effective than rapamycin alone in treating BHD-associated renal tumors.
However, conflicting data have been published regarding the role of FLCN in modulating the mTOR pathway. In studies of adenomas and cysts that developed in a heterozygous Flcn mouse model with an in-frame insertion in the Flcn gene, Hudon et al. [27] observed elevated levels of the mTOR downstream effector phospho-S6 in large multilocular polycystic kidneys that lacked Flcn expression, but reported decreased phospho-S6 in single small cysts within the mouse kidneys. They reported decreased phospho-S6 in mouse xenograft tumors that developed from intraperitoneal injections of ACHN kidney cancer cells in which FLCN expression was inactivated by siRNA, but saw no differences in S6 activation when these cells were grown in vitro regardless of culture conditions. Similarly, Hartman et al. [39] generated a heterozygous Flcn mouse model with targeted disruption of the Flcn gene in which solid tumors developed after 12 months with features resembling chromophobe renal tumors and oncocytic cysts. Very low or no phospho-S6 expression was detected in these kidney lesions by immunohistochemistry, which was supported by their in vitro results using several cultured cell lines in which FLCN expression was knocked down. Furthermore, in experiments with yeast that were deleted in the yeast homolog, bhd, this group found that FLCN inactivation led to downregulated yeast Tor2 [40] . Taken together the opposing results supporting activation of mTOR in response to FLCN inactivation on the one hand, and suppression of mTOR under conditions of FLCN knockdown on the other hand have led to the hypothesis that modulation of mTOR activity by FLCN may be context dependent [27, 39] .
FLCN may function in multiple signaling pathways as a tumor suppressor
Now, a decade after the FLCN gene discovery, we are experiencing an explosion of new and exciting research that promises to reveal the details of how folliculin acts as a tumor Fig. 2 FLCN, FNIP1 suppressor. Based on recently published work from a number of laboratories, folliculin may play a role in regulating cell growth through other signaling pathways in addition to the AMPK-mTOR axis (Fig. 2) . Using gene expression microarray analysis in FLCN-expressing, FLCN-mutant and FLCN-null renal tumor cells, Hong et al. [26] found reduced expression of genes involved in TGF-b signaling in FLCNdeficient cell lines compared with FLCN-replete lines, and confirmed decreased TGF-b signaling in BHD-associated renal tumors lacking FLCN expression. In further support of a role for folliculin in TGF-b signaling, Cash and coworkers reported resistance to cell-intrinsic apoptosis in FLCN-/-embryonic stem cells, BHD-associated human renal tumors and FLCN-deficient mouse kidney tumors due to reduced transcription of the pro-apoptotic gene Bim. They confirmed the cause as generalized loss of TGF-b driven transcription and hypo-acetylation of Histone H3 associated with TGF-b target gene promoters including Bim [41] . Since the histone deacetylase (HDAC) inhibitor, trichostatin A, was able to rescue the apoptotic resistance through restored Bim levels and subsequent cell death, HDAC inhibitors might be of potential therapeutic use in treating BHD tumors.
Other research from Hong et al. [42] supports a connection between FLCN and the transcription factor TFE3, a member of the MiTF/TFE transcription factor subfamily, known to be involved in TFE3-fusions that lead to translocation renal carcinomas with early onset and aggressive phenotypes. They identified an upregulated TFE3 target gene, GPNMB, in an expression microarray analysis of FLCN-null renal tumor cells, confirmed GPNMB expression in BHD-associated renal tumors, and showed that re-expression of FLCN in the tumor cell line abrogated GPNMB expression. Importantly they demonstrated decreased post-translational modification of TFE3 and nuclear localization in FLCN-deficient renal tumor cells, FLCN-/-mouse embryonic fibroblasts and FLCN-/-mouse kidney tumors, and demonstrated TFE3 nuclear localization in BHD-associated renal tumors. Conversely, increased TFE3 post-translational modification (phosphorylation) in FLCN-expressing cells and sequestration of TFE3 in the cytoplasm of FLCN-expressing normal kidney tissues was observed. Although the mechanism remains to be elucidated, FLCN may act to suppress TFE3 transcription through posttranslational modification and play a role in TFE3-associated kidney cancer.
Clues to folliculin function may come from the characteristics of the renal oncocytomas, chromophobe and hybrid oncocytic renal tumors that develop in BHD patients, which contain large numbers of mitochondria. Klomp and coworkers performed gene expression profiling of a set of BHD-associated renal tumors compared with sporadic counterpart tumors, and identified a BHD-specific mitochondrial gene expression phenotype involving a deregulated PGC1-a (peroxisome proliferator-activated receptor c coactivator 1a)-TFAM (transcription factor A, mitochondrial) axis. This includes TFAM-target genes involved in mitochondrial gene transcription and replication of the mitochondrial genome, and genes, in addition to TFAM, that are upregulated by PGC-1a and important for mitochondrial biogenesis [43] . They found a clear inverse correlation between reduced FLCN expression and over expression of the PGC-1a target gene set in a variety of tumor types. These results suggest that a FLCN-PGC-1a-SFAM pathway most likely exists which is deregulated in response to loss or reduction of FLCN expression, implicating FLCN in efficient mitochondrial function.
Recently the crystal structure of the FLCN carboxy-terminal domain was determined by Nookala and colleagues that revealed a distant relationship to differentially expressed in normal cells and neoplasia (DENN) domain proteins, a family of proteins that serve as guanine exchange factors (GEF) for Rab GTPases to facilitate their role in vesicle membrane transport [44] . FLCN carboxy-terminal domain was found to be structurally similar to DENN1B-S protein whose cognate Rab GTPase is Rab35. Indeed, FLCN displayed GEF activity towards Rab35 in vitro suggesting that FLCN may act as a Rab GEF and play a role in vesicle membrane trafficking.
Successful therapeutic agents to treat BHD patients will specifically target growth promoting pathways dysregulated by loss of FLCN The research findings reported to date have provided some insight into the mechanisms by which FLCN deficiency leads to the development of renal tumors and fibrofolliculomas in the setting of BHD syndrome, and suggest several molecular targets for therapeutic intervention to benefit BHD patients. Based upon the partial response of the kidney-specific FLCN-deficient mouse model to rapamycin, targeting the mTOR pathway may be a reasonable approach to treat BHD renal tumors, perhaps employing a dual kinase mTORC1/mTORC2 inhibitor in tumors in which both complex 1 and complex 2 are activated. However, careful consideration must be given to the conflicting data suggesting that FLCN deficiency may result in mTOR activation or inhibition depending upon context, before initiating a clinical trial with mTOR inhibitors.
A recent report from Preston et al. [45] presented evidence that UOK257 FLCN-null renal tumor cells have increased HIF activity and HIF-target gene expression which may drive their higher dependency on glucose metabolism ('Warburg effect'). Targeting glycolysis with 2-deoxyglucose reduced cell proliferation of UOK257 cells, suggesting that inhibitors of glucose metabolism might be effective therapeutic agents against BHD renal tumors that display this same phenotype. In an interesting study by Lu and colleagues, selective growth-inhibiting sensitivity was induced by mithramycin in UOK257 FLCN-null renal tumor cells over UOK257-FLCN restored cells which was potentiated by a low dose of rapamycin suggesting that mithramycin might warrant further investigation as a potential therapeutic agent to treat BHD renal tumors [46] .
Since the first description in 1977 of the hallmark dermatologic features of Birt-Hogg-Dubé syndrome, we have made substantial progress in defining the clinical manifestations of BHD in skin, lungs and kidneys, identifying FLCN as the responsible gene and characterizing the spectrum of germline mutations, discovering novel FLCN interacting proteins FNIP1 and FNIP2/L, and generating FLCN-null cell lines and in vivo animal models in which FLCN (or FNIP1) is inactivated. Through research efforts utilizing these critical FLCN-deficient cell lines and mice, we have begun to uncover important signaling pathways in which FLCN and its protein partners play a role. As the mechanistic details by which FLCN inactivation leads to BHD are clarified, we can begin to intelligently design therapeutic agents that target the pathways dysregulated in FLCN-deficient fibrofolliculomas and kidney tumors, which will provide improved prognosis and quality of life for BHD patients.
